Abstract. We examine the propagation of low-frequency electromagnetic (EM) waves in the coastal ocean produced by controlled or motional impressed sources. Four important modes are the direct, up-over-down, down-over-up, and "beach" modes. The analyses of these modes are complicated by the varying bathymetry in the coastal region. We derive criteria to determine (1) which modes are important for given parameters; (2) a "matched phase" condition describing both when the up-over-down and down-over-up modes interfere constructively in the shallow zone and when the beach mode becomes important; and (3) a low-frequency cutoff, below which the EM fields are not sensitive to the details of the coastal geometry. We verify the theoretically derived criteria with numerical examples and finally discuss the importance of our results in designing navigation and communications applications for subsurface vehicles and instruments. The ocean is a very lossy medium for the propagation of EM energy because of the high electrical conductivity of seawater. In fact, the homogeneous solutions of the governing equations describe overdamped waves with scale-dependent damping effects that give the process a simple nonwavelike diffusive character. It is only when we consider a periodic source or boundary condition that we can observe wavelike phenomena, such as advancing wave fronts, that can be described using the traditional wave terminology.
Introduction
The propagation of low-frequency (<1 kHz) electromagnetic (EM) waves in the coastal ocean environment is of interest to underwater communication, navigation, the detection of submerged objects such as submarines or mines, and geophysical exploration of the continental shelves [Chave et al., 1990 ]. In the cases above, the source of the EM field is typically a controlled source located on the seafloor or at the sea surface. The motion of the electrically conducting ocean through the Earth's magnetic field also generates fields which are of interest in oceanography, since measurements of (typically) the electric field can be used to infer the ocean flow. These motionally induced EM fields (as well as fields caused by external sources) can also be sources of noise in controlled source studies. Furthermore, in the coastal case we will see the possibility for a "beach mode" as depicted in Figure 1 . Roughly speaking, when there is less attenuation along the path from the source (e.g., a line source lying on the ocean bottom, say) through the sediments and to the beach than there is for the path between the source and the sea surface, regions in the air, shallow-water zone, and to some extent nearsurface waters farther out to sea will see an EM contribution arriving from the beach. In typical examples of a sloping seafloor the beach mode can also be viewed as an extension of the down-over-up mode since the down-over-up mode becomes increasingly efficient at delivering energy to the sea surface in shallow water, and this energy can pass through the air and back down into the water farther out to sea.
While the basic modes of EM propagation have
Hence the "beach" around which the beach mode wraps is not necessarily the geographic one but more generally depends on the shape and conductivity of the ocean bottom and source frequencies used. Under other circumstances (e.g., highly conductive sediments) the path from the source directly to the sea surface (the up-over mode) will be dominant in creating both the air and surface water EM fields. The relative importance of the up-over mode and the beach mode depends on the location and nature of the source, the geometry of the "coastal wedge," and the conductivity of the land and ocean.
We will organize our investigation of the beach mode by finding criteria describing the conditions under which the beach mode becomes as important as the up-over mode. We will call this the "matched phase" condition since at this crossover the airinterface phases of the beach mode and up-over modes are matched and interfere constructively, tending to create a standing wave in the air and surface waters between the source and beach. Once the conditions for matched phase are understood, it is easy to see what change of parameters (e.g., frequency or source location) will control the relative importance of the beach mode.
Understanding when the beach mode is important is of practical interest for at least two reasons. First, potential navigation applications (such as for an autonomous underwater vehicle (AUV)) may require that the phase information of the EM field be interpreted. If the beach mode is important, however, the phases may be seen to arrive from the beach rather than from the source located farther out to sea, and this could be an obvious source of confusion. In this case, it is desirable to know how to select the source location and/or frequency such that the beach mode is unimportant. For coastal underwater communications the phase information might not be important, but the desire may be simply to increase the signal strength at the receiver. In this case, it might be of interest that the beach mode will increase the shallow-water signal strengths beyond what would be obtained from just the up-over-down and downover-up modes.
In the next section we give a brief description of the basics of EM propagation in a good conductor (readers familiar with this can skip this section). In section 3 we make theoretical estimates of the matchedphase condition for idealized coastal geometries and give practical strategies for finding this condition for more complicated realistic cases. In section 4 we use a two-dimensional (2-D) numerical simulation to test the theoretically expected matched-phase condition and to illustrate the other ideas presented. Finally, in the last section we present our conclusions and describe some of the potential utility of coastal EM propagation.
EM Propagation in a Good Conductor
Ocean water has an electrical conductivity ranging from about 2 to 6 S/m. The conductivity of the underlying sediments may be as large as 0.1-1.0 S/m (for very wet sediments) or several orders of magnitude less than this. The air is essentially an insulator.
We will be interested in EM effects within the coastal region where all three media are present. We will mainly treat two-dimensional (2-D) problems involving a vertical/offshore slice through the coastal domain with variables and parameters along the coast assumed uniform.
In the formulations we allow for both motional and controlled impressed sources since both can be included in the same way.
Transverse Electric (TE) Mode
2.1.1. Formulation. To derive a governing equation for the electric field strength E (V/m), we start with two of Maxwell's equations:
where B is the magnetic flux density (in teslas), J is the electric current density (A/m2),/x is the magnetic permeability (H/m), and • is the electric permittivity (F/m). We take the curl of (1) and the time derivative of (2) and combine to remove B:
OtOt(txeE) + ot(/xJ) + V x V x E = 0.
We will assume that an induced electric current Ji and an impressed (controlled source) current Jp comprise the total electric current J -Ji + Jp. Ji is related to E by Ohm's law for a moving conductor'
where u is the ocean velocity (m/s), o-is the electrical conductivity (S/m), and in arriving at the approximation shown, we assume the total magnetic field B, which includes the secondary magnetic fields induced within the ocean, can be replaced by the very much larger Earth's main magnetic field F. Using (4) in ( 
is the complex wave number, or propagation constant. The behavior of the solutions to (7) will depend on the relative importance of the real and imaginary parts of K. When displacement currents dominate conduction currents Ie/l >> 1, the real part of K is much larger than the imaginary part, and the solution is wavelike. When << 1 (conduction currents dominate), the homogeneous part of (7) becomes a diffusion equation. With the periodic forcing term included, however, the solution will still exhibit wavelike behavior.
To model (7) numerically, we would decompose it into two equations assuming E = E R + iEi, Jo = JoR + iJoI, and •2 = (•:2)R + i(•:2)i. V2ER + (t<2)iEi = tolXoJoi + (t<2)iEi .
V2Ei + (t<2)REi = --tolXoJoR --(t<2)iER '
In terms of (9) and (t0), the previous discussion can be stated as follows: Equations (9) and (t0) are wave equations coupled through conduction-current terms (involving (g 2)i); when the conduction current is small relative to the displacement current, (9) and (t0) are uncoupled wave equations; when the conduction current dominates, however, (9) and (t0) become "perfectly" coupled.
2.1.3. Plane wave solution. So far, in deriving (7), we assumed an axis of invariance (y). Now we also assume that there are no variations in the x direction and consider plane waves propagating in the -z direction (z taken to be increasing upward from the sea surface, where it is zero). Physically, this could represent EM waves of ionospheric origin propagating into the ocean from the sea surface. The solution to (7) for this case is E = Eo ey/a cos(mz -tot)
where E o is the value (which we take to be real) at the sea surface, Table 1 and Table 2 . In the previous section we formulated the electrodynamic processes in terms of the electric field. This is useful since the electric field is one of the EM quantities that is often measured. However, when we consider constructing a numerical model, the electric field has a complication since it can be due to two types of EM processes and a model of these processes must be understood and specified before the problem, together with proper boundary conditions, can be correctly formulated for computation. Specifically, the electric field can be written as
where A is the magnetic vector potential and 4> is the electric potential. Electric fields can be induced by EM time fluctuations (described by the first term on the right-hand side of (14)) but also can exist due to the establishment of spatial charge densities (the second term). This distinction should be better clarified for many problems using the electric field formulation with material media. In the case we will con- 
When we differentiate (17) with respect to time and assume OyCk = 0, we obtain an equation which is equivalent to the usual TE formulation (equation (6)) but with the source of the electric field unambiguously identified as Ey = -OtAy. Hence, for cases where it can be assumed that 0yqb = 0, the vector potential formulation might be viewed as similar to the TE formulation but more general since it allows for steady electric current sources.
Which Modes Dominate and Where?
As we discussed in the introduction, the study of propagation of EM energy over all but small distances in the coastal region is inherently a study of propagation along the indirect paths. That is, for regions except those very near the source, the dominant EM energy will arrive through indirect paths involving the sediments, air, or both (as in the beach mode presented in this paper).
The importance of the various modes (direct, upover-down, down-over-up, and beach), which are shown schematically in Figure 1 , depend on the parameters describing the sediment and water conductivity, the geometry of the coast, and the location and nature of the EM source (transmitter). Typically, the up-over-down mode will be important at least in the surface waters, and it is convenient to compare the importance of the other modes to this one. In the following, we will first make simple preliminary statements for the usual direct and down-over-up modes, and then we give greater attention to details in examining the beach mode. Many of these details also apply to the other modes.
Theoretical results from the previous section were used in making qualitative estimates of path attenuation for the various modes. These estimates, together with some allowance for spreading, were considered in producing the schematic depicting the expected regimes of dominance for the coastal modes shown in Figure 1 .
Direct Mode Versus Up-Over-Down Mode
As depicted in Figure 1 , we see that for the example of a source (assumed here to be a line source parallel to the coast) located on the seafloor, the direct mode is important only within a "bulb"-shaped region above the source. The direct mode can dominate the up-over-down mode only within a range roughly less than the sum of the source and receiver depths. The bulb-shaped region is narrow toward the bottom because the down-over-up mode provides energy to the deep waters more efficiently since the path through the sediments is generally less resistive than that of the direct path through the water. The maximum width of the bulb is about an ocean depth.
If the source is located at the surface, the bulb is inverted and is narrower at the stem and wider near the seafloor than the bulb shape shown. For a source at middepth the shape becomes more circular (but wider at the bottom).
Down-Over-Up Mode Versus Up-Over-Down

Mode
The importance of the down-over-up mode relative to the up-over-down depends much on the location of the source in the water column. For a source at the surface the down-over-up mode will never dominate because the sediments are more conductive than the air. For a source at middepth the down-over-up mode will usually only be important at receiver locations which are below the level where the sum of the receiver and source heights above the seafloor equals the sum of source and receiver depths.
When the source is located on the seafloor, the down-over-up mode can dominate over much of the water column. With poorly conducting sediments, this range may extend nearly to the sea surface. Usually, however, the up-over-down mode will remain dominant within the surface waters. The exception to this is if the variations in bathymetry are such that the receiver is in much shallower water than the source.
In this case, the down-over-up mode may dominate even in the surface regions (but only where the water is shallow), and the up-over-down mode is not important in this region.
We can attempt to better quantify these estimates by making comparisons of the EM attenuation along each path using simple ideas as presented in section 2. In this approach, the two modes are compared by simply comparing the number of skin depths along each path. It should be noted that this approach draws on ideas of plane wave attenuation (which are (18) where r is the horizontal distance to the source and o-s and o-w are the conductivities of the sediments and water, respectively. This follows from simple comparison of the resistance along the path down from the source, into the sediments, and back up, and the direct path through the water.
Beach Mode Versus Up-Over-Down Mode
The statements made above concerning the other modes are fairly intuitive and can be understood in simple terms using ideas of plane wave propagation and attenuation as presented in the last section. Neglected in this, however, are effects due to geometric attenuation (spreading) and the inhomogeneous conductivity. These effects become increasingly important for the beach mode and will be briefly considered when discussing the importance of this mode.
As we will see later, the EM amplitudes in the shallow shore region can be larger than those closer to the source. While this can be partially understood as simply a convergence of the up-over-down and down-over-up modes near the beach, this is not a complete description. First, even when both of these modes are important and converge in the shallowwater zone, they must be in phase in this region in order to interfere constructively and give larger amplitudes. Second, part of the energy in this region is due to the beach mode, which describes energy which has passed through the sediments to the beach and then reenters the water. Below we will derive a matched phase condition which simultaneously gives the conditions for which the up-over-down and downover-up modes are in phase in the shallow water and beach region and describes when the beach mode becomes important.
3.3.1. Conditions for matched phase. If either the air or sediment modes operated separately, we would expect the EM phase in the air to be roughly uniform locally. This is because it is difficult for EM waves traveling out of a homogeneous region of a good conductor and into a poor conductor to show interference even when the waves arrive at the interface with differing phase. This is because in the conductor the skin depth is of a small scale comparable to the wavelength. Any waves arriving at the interface that might have a phase different than the phase of waves taking the shortest path to the interface are necessarily weaker and unable to interfere effectively. Considering a line EM source located on the sea bottom at depth h, simple geometric arguments suggest that the "source area" (the region through which the bulk of the energy arrives at the surface) for the air directly above the source is essentially a strip of sea surface of width of the order l, where
For h << 8w, l = 28w, while for 8w << h, l = 2X/-•w h. Notice that an implicit assumption here is that l < d (where d is the distance between the source and beach), which requires that the frequencies used are not so low that the strip width l overlaps the land. Although much of the discussion below still applies for lower frequencies when l < d, it can be appreciated that the ocean geometry and various EM modes (in fact, even the presence of the ocean) become less important as the frequencies are decreased and the ocean dimensions become much less than the EM wavelengths in the sediments or air. For the lowest frequencies we might even ignore the ocean and find reasonable solutions with a half-space model. We can make an estimate of the frequency (which we will call •oa) below which the coastal geometry becomes unimportant by setting l in (19) equal to d and solving for the frequency using the relationship relating the skin depth to frequency given in Table 1 At the beach an estimate of the horizontal scale on which the down-over mode feeds the atmosphere is estimated by the EM skin depth in the sediments. When we include this mode with the up-over-down mode, the phase in the air will no longer be uniform When discussing "constructive interference," we must keep in mind that the process is diffusive and only "wavelike" if the driving source is periodic. For similar reasons we cannot expect harmonics of the matched-phase condition; while it is true that if the ratio of the number of EM wavelengths along the two paths were an integer the arrival phases would match, energy from one path would now be significantly attenuated relative to the other. Hence the matchedphase condition here also requires that the two paths give EM amplitudes of roughly comparable magnitude (they will not be precisely the same magnitude since the spatial attenuation and other factors along the two paths are not the same). Now we will estimate the necessary conditions for matched phase. For this discussion we will assume 
where h is the depth to the source and *s and *w are the travel times through the sediment and water paths, respectively. The quantity *s/*w (here set equal to 1 for the matched phase condition) is more generally a dimensionless number describing the relative importance of the beach mode to the up-over mode. The condition given in (21) was restricted to the case where the sediment EM wavelength was small. This is because the EM energy traveling through the sediments must wrap around the beach to enter the air. However, the scale for this wrapping effect to occur should depend on the EM wavelength of the medium. Hence an improvement to the estimate given in (21) If the shape of the sea bottom is such that it drops off quickly from the beach and then begins to level out approaching the source (positive curvature), the matched-phase criteria should be as stated above. If, however, the sea bottom has negative curvature, paths connecting the sediments and air through the shallow-water zone also become important. Essentially, the EM waves coming through the sediments wrap around and up to the air somewhat sooner (offshore) than at the geographic beach.
A realistic sea bottom can be quite complicated. Provided, however, that the sea bottom continually deepens in moving from the beach to the source location, we can summarize that when the bottom shape has an effect, it is to move the effective beach location offshore. Because of these sea bottom shape effects, for many realistic cases the frequency that gives a standing wave node in the air region between the source and beach will be, in practice, somewhat lower than the matched-phase frequencies defined above.
There are some other effects we have not included. One is that due to the differences in geometric attenuation for the two paths. As we described above, l given by (19) is an estimate of the scale describing the radiation to the atmosphere above the source, while a similar scale for the radiation at the beach is given by the sediment skin depth. These scales, which are not generally equal, should be important in describing the geometric attenuation away from the two radiating surfaces. Hence, while this might not formally affect the matched-phase criteria, we do expect that it will affect the location of the standing wave node above the sea surface and will have an effect on the relative magnitudes.
Finally, while the up-over mode propagates from the source to the sea surface through a rather homogeneously conductive ocean, the propagation path through the sediments involves not only the conductivity inhomogeneities of the sediments, but also, propagation along this path occurs near the interface of a good conductor (the ocean), and energy is lost to this interface.
A strategy for a practical determination of the matched-phase frequency (if need be) is then to use the criteria given by (23) to make the initial guess and then, if necessary, compensate for the bottom shape effects by lowering the frequency until the standingwave node is attained in the air between the source and beach. While in the numerical cases we present next, consideration of the effects due to the differing spatial attenuation scales and sediment/ocean interface losses does not appear crucial in producing the predicted standing-wave node, we do see beach mode amplitudes slightly reduced relative to those of the up-over mode.
When is the beach mode important?
In this section the conditions under which the beach mode becomes important have been described in detail, together with various caveats that we will now relax to give a simple but loose estimate of the dimensionless number describing the relative importance of the beach mode. The appropriate dimensionless number 'rw/'r s was described in (23) The beach mode, when important will usually only be important in waters near the surface. This is because when the beach mode is important, the down-over-up mode (which feeds the beach mode) must also be important. In these cases, the downover-up mode will dominate over at least the lower half of the water column. In this reversed beach mode, energy travels from the source to the beach, seaward through the sediments, and reenters the water through the seafloor. Since this version does not first travel through the sediments, it can be more effective at delivering EM energy to the nearshore bottom waters. Another difference is that this reversed mode will have little competition from the down-over-up mode (compared with the competition for the usual beach mode from the up-over-down mode). In this case, no standing wave in the seabed is expected. Rather, any competition (for influence near the sea bottom) comes again from the up-over-down mode.
TYLER ET AL.: PROPAGATION OF ELECTROMAGNETIC FIELDS
In the simplest estimate the reversed beach mode will be important relative to the up-over-down mode sional) we use to obtain solutions for Ay has been described by Sewell [1985] .
For the first example we will consider the case of relatively high sediment conductivity (o-s -0.1 S/m) for which the up-over-down mode dominates all regions except those very near the source. Throughout this paper we will take the seawater conductivity to be o-w -4 S/m. We will assume here that the source operating at 250 Hz is located on the sea condition has provided constructive interference with the up-over-down mode (the beach mode also adds energy). We illustrate this in Figure 5 by showing the log-10 magnitudes of the electric field for a transect at 1 m depth for the case above, together with similar cases assuming the down-over-up modes and up-overdown modes worked alone. These last two cases were calculated while extending the seawater region either through the air (down-over-up mode alone) or through the sediments (up-over-down mode alone). We emphasize that the increase in amplitudes that comes with simply using lower frequencies dominates over increases due to the effects of conditions giving constructive interference between the various modes.
This can be seen in Figure 6 , where we compare the 1-m-depth amplitudes for the triangular geometry for frequencies of 400, 250, 25, and 2.5 Hz. As predicted in the theoretical section, lower frequencies show increased amplitudes, the beach mode becomes insignificant, and there is generally less dependence on the particular coastal geometry. In the discussion section we will present a case which further illustrates the validity of the condition (20) describing the frequencies below which the details of the coastal geometry become unimportant.
By 2.5 Hz the maximum electric field magnitudes seen in Figure 6 are less than those for the 25-Hz case because the amplitude of the electric field radiated from the source depends on the frequency of the source (in our example, assuming electric fields which are entirely induced). Hence, in this example, 2.5 Hz indicates the frequency at which the decrease in electric field amplitudes with use of low source frequencies (giving low radiated amplitudes at the source) competes with the increase of amplitudes with lower frequencies due to lower attenuation in the media.
The previous cases assume rather idealized ocean bottom geometry. Realistic cases can add more complication to the modal analysis. In particular, in section 3.3 we described the importance of bottom curvature in determining the role of the beach mode. We indicated that when there is negative sea bottom curvature (describing, for example, an extended shallow nearshore region) the "effective" beach around which the beach mode wraps can be seaward of the geographic one. We illustrate this now with the case shown in Figure 7 , which is identical to the last case except that we have added a step in the sea bottom giving a relatively shallow (20 m deep) nearshore region. Seaward of the step, we see that much of the discussion for the last case applies except that the beach mode now wraps through the shallow water near the step rather than at the geographic beach.
Within the shallow zone, however, the situation is more complicated and illustrates the necessary consideration that must be given to the seafloor shape when energy arriving through the sediments is involved.
Summary and Discussion
We have attempted to describe the propagation modes of EM energy in the complicated geometry of the coastal wedge. In the coastal waters and surrounding sediments and air, EM energy can travel along at least four different paths. The first is simply a direct path through the water between the source and receiving position. This path is usually only important very near the source. Two other modes are the well-known up-over-down and down-over-up modes. A fourth mode, which is specific to the coastal geometry, involves a path through the sediments, into the air, back seaward, and in the case of a submerged receiver, back into the water. In the air, EM energy appears to be radiated from a patch of ocean directly above the source and a patch of land/water near the beach. Depending on the relative importance of the beach and up-over modes, EM waves in the air and surface waters can be observed to have advancing phases either toward the beach or away from it (though in the surface waters the phase advance is still dominantly vertical and from the surface).
In section 2 we reviewed the theory of EM propagation in a domain including good conductors and derived a useful formulation involving the vector potential which allows for general (including steady and motional) sources. Useful parameters such as the skin depth were derived for propagation in a homogeneous conductor, and these parameters were useful in indicating which coastal modes will dominate. However, the coastal region is certainly not a homogeneous region, and various other factors needed to be included in the analyses. In particular, while phase propagation and amplitude attenuation are related in a simple manner for a homogeneous medium, this is not true for the case of the coastal case involving propagation along several indirect paths.
For low frequencies, propagation becomes less dependent on the details of the coastal geometry. In (20) we gave the cutoff frequency below which the coastal geometry becomes unimportant. In the examples presented assuming a source on the seafloor at 100 m depth and 1 km away from the beach, this cutoff frequency is 0.25 Hz.
Very near the source the EM energy will be dominated by that due to propagation directly through the seawater. Farther away, energy arrives by one or more of the other modes, and we have attempted to describe when and where each of these modes are important. We gave a dimensionless number (equation (25)) describing when the beach mode is expected to be important. These conditions giving an important beach mode involve not only the geometry and conductivities of the coastal region but also the source frequency.
In section 4 we gave numerical results for a few cases which verified the theoretical predictions regarding the behavior and importance of the various modes. The operating frequencies for a practical problem will be constrained by the high attenuation of high frequencies. Low frequencies, on the other hand, aside from being undesirable because of the The simplest higher-frequency phase field to interpret would be one for which the up-over-down mode dominates (but in this case a source near the surface may be required). The up-over-down mode will be easier to interpret since the phase lines propagating from the "flat" sea surface are not deformed by the sea bottom. To illustrate this, we show in Figure 9 a case identical to that shown in Figure 7 except that the source is located at the sea surface. We should note that the phase very near the bottom and in the near-beach region can be affected by the reversed beach mode in this case, in the same way a bottom source and associated beach mode can affect the phase in the near-surface and near-beach region. This higher-frequency surface source and associated up-over-down mode will typically just show phase propagation downward from the sea surface and alone would not likely satisfy the system needs (of creating a navigation grid, for example) unless more than one frequency or source was used or the EM information was combined with compass, altimeter, pressure, or other information. (We note that while the up-over-down mode would primarily only give grid information that describes depth (which can be easily obtained from a pressure sensor), a grid with the down-over-up mode would be more related to distance above the seafloor.) Moreover, for many applications it may be more practical to locate the source on the seafloor. In this case, the down-over-up mode would be involved. In any case, the downover-up and up-over-down modes will usually have phases that are easier to interpret than the beach mode, and (if operations above or near the sea surface, or very near the beach are required) we would likely want to select the system configuration to deemphasize this mode. How do we do this?
As described in previous sections, the importance of the beach mode can be controlled to some degree by the choice of source frequency. The most practical and safest way of removing this mode, however, is simply to choose the configuration such that beach mode is not important for any frequency. This can be done by referring to the dimensionless number given in (25).
Underwater Communications
Finally, we can try to give a rough evaluation of the potential for communications applications in the coastal region when the beach mode is included. A similar evaluation was performed for the case of the subcrustal waveguide by Chave et al. [1990] . These authors gave estimates for a proposed standard model of the substructure conductivity. A standard model for the coastal region does not exist and may not be attainable. Nonetheless, we can present some estimates that may give a general idea of the communications potential using EM waves in the coastal region.
We consider the case shown in Figure 4 and envision the source being used as a transmitter to communicate with an AUV in the shallow region close to shore. We will assume the source current to be 100 A. We will calculate the signal-to-noise ratio at the receiver location assuming, for simplicity, that at the source frequency here of 250 Hz, the dominant noise is due to amplifiers and the electrodes and is of This ratio (which obviously remains large even for the largest Nyquist bandwidth) may suggest good possibilities for shallow-water EM communication at these frequencies, even for less favorable cases involving smaller source strengths, greater distance to the beach, higher sea floor conductivity, or increased geometric attenuation from realistic 3-D sources and receivers.
The signal strengths above are somewhat optimistic since they are calculated from our results assuming a line source. More realistic sources (e.g., a dipole source) will generally show faster spatial attenuation away from the source.
Also, we emphasize that the EM noise in the coastal region is expected to be larger than in the open ocean and probably quite regional. Aside from the usual near-surface noise sources (e.g., Schumann resonances) which will generally be present in the ocean, there may also be large artificial noise sources as well as concentration effects due to the coastal conductivity contrast.
As pointed out by a reviewer, the nature of the noise source will also affect the relative importance of the various modes for a practical application. For example, in regions where atmospheric noise levels are large, the down-over-up mode may become more practical than other modes because it is somewhat shielded by the conductive water layer.
